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Structure and Functions of D-raf D-raf is unique in the Drosophila genome. Raf, a cytoplasmic serine/threonine protein kinase, plays essential roles in the transduction of a wide variety of growth-stimulating transmembrane signals (19, 3 1), and three raf genes, c-raf A-raf and B-raf comprise a gene family in mammals. In contrast to mammals, Drosophila carries a single raf gene, D-raf in its genome (22) . The amino acid sequence of D-raf predicted from nucleotide sequences showssimilar levels of identity to all the human Raf family members, suggesting that the multiplication and diversification of the raf genes took place in vertebrates after divergence from the invertebrate stock. The similarities are mostly confined to the regions, CR1, CR2 and CR3, which are conserved among the mammalian Raf family members (21, 22, 37) . CR3 is the most conserved and corresponds to the kinase domain. The other conserved regions, CR1 and CR2, are assigned to the putative regulatory regions. While human Raf-1 has only 648 amino acid residues, D-raf consists of 781 amino acid residues due to a long amino-terminal extension (21, 37).
Multiple functions of D-raf. Mutants defective for D-raf have been identified by P element-mediated rescue experiments (22), and were found to be allelic to I(l)pole hole (l(l)ph) (1, 27). Mutants with a null function for D-raf are lethal at early pupal stages and dissection of the mutant larvae has shownundergrowth of tissues with proliferating cells, suggesting a role for Drafin cellular proliferation. A quantification of proliferation rates by clonal analysis, or the so-called twin spot analysis, (18, 30) demonstrated that the rate of proliferation in the null mutants is reduced about 40%as compared to normal, explaining the major mutant phenotypes (40). The role for D-raf in cell cycle regulation will be discussed later in more detail. A large amount of maternal Z>-ra/mRNAwas found to be accumulated in the ooplasmand germline mosaic analysis (see below) which demonstrated that the maternal D-raf activity is essential for the development of both anterior and posterior end structures of the embryo (1, 2, 22, 27) . The roles for D-raf in the development of embryonic terminal regions will also be described in more detail below. Analysis of the phenotypes of a temperature-sensitive (ts) mutant and a hypomorphic mutant demonstrated that D-raf is required during most of the developmental stages, functioning in the development of the compound eye, wing, the muscle or peripheral nervous system in the thorax necessary for eclosion and in the determination of dorsoventral polarity in the ovarian follicle cells (5, 16, 21 bryos defective for maternal Dsorl\ development is arrested during the early syncytial cleavage cycles in M phase in several to about 10% of the embryos (our unpublished observations). This suggests a role for Dsorl in Mphase in the syncytial division cycles in addition to its role in the Gl-regulated cycles. D-raf may be Gl-specific. Whether D-raf is also dispensable in Mphase of the Gl-regulated cycles was analyzed by using a temperature-sensitive (ts) mutation for D-raf. About 1.1% of the cells in the larval brain lobes are in Mphase, and this fraction was not affected in wild-type larvae by shifting up the temperature under which they were raised. In contrast, the fraction of the Mphase cells in the ts mutant decreased after transfer of the larvae to a restrictive temperature (16). This indicates that the mutant cells go through Mphase normally but are arrested outside of Mphase at the restrictive temperature. Thus, it can be said that D-raf is dispensable for the progression of Mphase. shifts during early embryonic stages also demonstrated no obvious aberrations during cleavage divisions and the G2-regulated cycles (our unpublished observations).
These observations suggest that D-raf is a Gl-specific activator of Dsorl and that Dsorl may be activated by a yet unknown upstream factor in Mphase (Fig. 3) . and rolled (MAP kinase) ( Fig. 2) (9, ll, 17, 24, 33, 40; for reviews, see: 12, 15, 25) . This suggests that mechanisms which give diversity and specificity to the cascade must exist. The torso receptor system presents a model system for investigating such problems.
Network of Signal Transduction
Terminal system. The anteroposterior axis of the Drosophila embryo is determined by three independent systems knownas the anterior, posterior and terminal systems (23). The anterior system determines the head and thorax, the posterior system determines the abdominal regions, and the terminal system is responsible for the formation of the nonsegmented anterior and posterior termini of the embryo. The terminal system employs a signal transduction mechanismmediated by the torso (for)-encoded receptor tyrosine kinase (36). Torso is a ubiquitous surface receptor and is activated locally by a diffusible ligand, most probably encoded by torso-like (tsl) and produced at the extracellular terminal regions of the embryo (8, 35, 38) . The signal from the receptor is transduced by the common cascade (1, ll, 17, 40) and regulates the zygotic expression of tailless (til) and huckebein (hkb), which themselves encode transcription factors (6, 28). tailless is expressed in a pattern in the blastoderm embryo largely consisitent with the mutant phenotype: a posterior cap and an anterior-dorsal stripe (28). The pattern is altered in the same manner in embryos laid by the terminal class maternal effect mutants: the posterior cap is lost and the anterior-dorsal stripe is expanded anteriorly (40). This indicates that the terminal system regulates the expression of tailless positively at the posterior end but negatively in the anterior domain. The diversification of signals transduced through apparently identical cascades at each end of the embryomay be explained in part by the cooperation of the terminal and the anterior systems in the regulation of tailless in the anterior region (29). Binding sites of bicoid protein, the morphogenin the anterior system, were identified in the promoter region of tailless and could be crucial for the activation of tailless expression in the anterior stripe (20) . It has been shown that the bicoid-dependent activation of transcription is down-regulated by the torso receptor-mediated signaling cascade possibly by phosphorylation of bicoid by the ro//ed-encoded MAPkinase (32). Thus, the difference in the transcription factors functioning at the termini of the cascade would represent one of the mechanisms for a diversification of signal transduction. The transcription factor(s) responsible for the activation of tailless and huckebein at the posterior end remains to be identified. torso-mediated signaling cascade. Involvement of Drk, Sos, Rasl, D-raf and Dsorl in the transduction of determinative signals from the Torso receptor has been reported (1, ll, 17, 40) . Involvement of Rolled downstream of Dsorl has also been demonstrated by the observation that the foreo-suppressing activity of the dominant gain-of-function mutation of Dsorl can be suppressed by reducing the gene dosage of rolled (our unpublished results). The embryos derived from germline clones homozygousfor null functional mutations of Drafox Dsorl lack terminal structures, and resemble torso mutant embryos. In contrast, only partial loss of terminal structures was observed in the embryos defective for the maternal activities ofDrk, Sos or Rasl (17). Embryos derived from the germline clones homozygous for the hypomorphic mutation of D-raf, D-rafcno, showed no loss of the terminal structures (17). The mutation in D-rafcno causes an alteration of Arg-217 in the CR1re-gion to Leu and abolishes the physical association of Drafwith Rasl (13, 17) . Presuming that this interaction is essential for the activation of D-raf by Rasl, the results suggest that D-raf can be activated by a Rasl-independent parallel pathway. From these observations a model for a signaling cascade mediated by the Torso receptor tyrosine kinase can be currently drawn as shown in Fig. 4 . But this model is yet too simplified as there remain at least several unanswered questions. If the major consequence of Torso receptor stimulation is the activation of MAPkinase, dominant mutations of Dsorl or rolled should be expected to suppress the terminal defects. Indeed, the dominant constitutive active mutation of Dsorl, DsorlSul, significantly rescued the posterior defects in the terminal class mutant embryos. Even though lossof-function Dsorl mutations cause deletion of both ends of the embryo, indicating that Dsorl is an essential component of the terminal system at both ends, the dominant Dsorl mutation failed to rescue the anterior defects (40). As seven more dominant Dsorl mutations all showed only similar effects on the terminal class mutant embryos (our unpublished observations), the results mayrepresent differences in the factors or unidentified parallel cascade(s) interacting with Dsorl in the an- Dsorl and Rolled together with upstream activators, Drk, Sos and Rasl, comprise a signaling cascade cassette transducing the transmembrane signals from multiple receptor tyrosine kinases. Despite the common use of the cassette, a response specific to each receptor system is produced. Analysis of the roles of the memberof this cassette in the regulation of cell proliferation suggested that each of them may function differently in different phases of the cell cycle, and that the cascade is not simple (Fig. 3) . Analyses of the Torso-mediated signaling cascade have demonstrated possible mechanisms for diversification of the signal by recruitment of different transcription factors and branching of the cascade. Further studies on the genetic interactions between the genes for signaling factors of the same cascade or of other related cascades and identification of novel factors are necessary to further our understanding of the molecular mechanismsof development. To identify novel factors which give diversity and specificity to this main cascade of signal transduction, we are currently trying to screen for P-insertional mutations which can be either suppressed or enhanced by the dominant Dsorl or Dsor2 mutations. So far we have obtained seven such mutations and each of them is associated with specific phenotypes affecting cell proliferation or adult morphologies. Molecular cloning of some of them has identified novel factors which may interact with the Raf/MAPKcascade to provide the specificity observed in signal transduction (our unpublished observations). Further systematic studies on such genes are anticipated to be useful in revealing the networks of signal transduction during development.
